Adsorption (AD) cycle is recently pioneered for cooling and desalination applications.
Introduction
Fresh water is a precious entity which is needed for economic development of every sector of a country such as agriculture, industrial, and domestic sectors. The persistent quest of economic development and exponential population growth in many countries has intensified the water demand which is projected to grow annually at a rate of 3-4% [1] [2] [3] . Even though 70% of the earth is covered by water, most of the part is in nonpotable state due to its salinity, either in the form of brackish, waste, and seawater [3] [4] [5] [6] [7] . About 20% of the world population is living below the acute water poverty level of 500 m 3 per capita per year [8] , risking their health due to poor water quality and substandard sanitation. The demand for fresh water in 2030 is expected to increase up to 6,900 billion cubic meters (Bm 3 ), as compared to total available water resources of 4,500 Bm 3 [9] . The fresh water supply and demand scenario is shown in Figure 1 , and it is predicted that the sustainable natural water cycle of our earth cannot meet the projected future water demand. In 2012, installed desalinated water capacity was 72 Mm 3 /day (mcmd) and it is estimated to increase to 98 mcmd by 2015 as reported in the literature [10] . Almost half of total desalination capacity is installed in the Gulf Cooperation Council (GCC) countries. In the 1960s and 1970s, many GCC countries relied heavily on the ground water supply for all sectors such as agriculture, industrial, and domestic sectors. However, the ground water resource in these countries has depleted rapidly over the decades due to excessive water extraction and insufficient aquifer recharge. Despite a higher desalination market share in GCC, the fresh water availability is dropping rapidly to below the acute water poverty level of 500 m 3 per capital per year, caused by an exponential population growth and higher GDP thrust. GCC countries population, fresh water availability, and desalination scenario are shown in Figure 2 , spanning from the early decades in 1950 to the future years up to 2025 [11] [12] [13] [14] [15] [16] [17] . Seawater desalination was started in GCC countries in the 1960s, but significantly desalinated water supply was observed in the past two decades, contributing to the overall water consumption share. Increasing trend of desalination capacities has resulted in higher energy consumption, more than 25% of total energy production in GCC countries. It is estimated that, with contracted desalination facilities, the total primary energy requirement will grow up to 255. 45 GWh in 2025 with 55% increment as compared to 112.47 GWh in 2000 and CO 2 emission will be doubled in 2025 as compared to 60 ktonne/year in 2000 as shown in Table 1 . The income loss attributed to desalination was 3.6 billion USD in 2000 and this loss is expected to rise to 31 billion USD in 2025 as calculated by considering yearly fuel price in terms of US$/bbl as shown in Table 1 Water production by desalination processes has significant effect on the energy requirement and environment. The intricate nexus between water, energy, and environment has encouraged scientists and engineers to innovate desalination methods with better energy efficiency and environment-friendly processes. Although RO processes are energy-efficient and dominantly used, they have certain limitations with respect to local conditions. For example, the frequent maintenance issues from high operating pressure; water quality problems in term of residuals of boron, chlorides, and bromides; and severe fluctuations in the seawater intake quality are some of the challenges faced by the RO membranes. In the GCC region, frequent occurrence of harmful algae blooms (HABs) that may contain neuroparalytic and diarrhetic toxins which can pass through the pores of membranes lead to health problems. Large fluctuations in the feed water quality have direct implication to the operation and maintenance costs of RO plants [18] [19] [20] . Owing to the uncertainty of RO operation, thermal desalination methods are deemed as the dominant processes employed in desalination market in the Middle East countries, more than 65% of installed capacities.
An innovative solution to strengthen the thermally driven and yet robust multi-effect desalination (MED) is its integration with the heat-driven adsorption desalination (AD) cycle. AD cycle is an emerging low-cost desalination system that requires only low temperature waste heat or solar energy to operate the cycle. C. The additional number of stages enhances the water production of the MED cycle by 2 -3 fold at the same top-brine temperatures. In addition, AD integration cycle has the following advantages: (i) it increases inter-stage temperature differential of each MED stages due to the lowering of the bottom-brine temperature; (ii) it helps to scavenge the ambient energy in last part of the MED stages where the latent energy is further recycled; (iii) the AD cycle utilizes only low temperature waste heat; (iv) it has almost no major moving parts; (v) it reduces the chances of corrosion and fouling due to high concentration exposed to low temperature (5 o C) in the last stages; (vi) it produces additional cooling effect from last stages of MED operating below ambient temperature; and (vii) significant increase in system performance. The basics of adsorption phenomenon, AD cycle, and its hybrids and desalination processes economics are presented in detail in this chapter.
Basic adsorption phenomena
The understanding of an AD cycle is predicated on the availability of basic equilibria-vapor uptake or isotherms of an adsorbent-adsorbate pair at assorted pressures and temperatures. From literature, all isotherms of adsorbent-adsorbate pairs can be categorized into six types (IUPAC) and they are described by many types of empirical and semi-empirical models. The simplest adsorption isotherm model is the classical Langmuir model [21] where it assumes a homogeneous surface with a monolayer vapor uptake where all adsorbent surfaces contain a uniform charged energy. Each pore vacant site is assumed to be filled by a single vapor molecule, forming a single sorption event. Invoking the rate of gas molecules filling the adsorption sites ( dθ dt ), as given by Ward and co-workers [22] [23] [24] [25] , the expression of the Langmuir isotherm model can be derived as follows:
where μ is the chemical potential in kJ/mol and subscripts g and a are the gaseous and adsorbed phases, T is the absolute temperature, and K′ is the dimensionless constant. The isotherm, θ, can be obtained by integrating the rate equation over the energy level from E c to infinity and in this simple case, when → 0 then θ → 0, and as P is large, θ approaches 1.
A real solid surface of an adsorbent contains geometrical roughness that is formed during its formation or activation process and the energetic heterogeneity has to be accounted for. The gas molecules experienced varying potential at adsorption sites of uneven energy levels and the surfaces are subdivided into infinitesimal pieces. Thus, the total adsorption of a heterogeneous surface is the sum of the product of the sorption event or surface coverage, θ(ε i ) and its probability energy distribution, χ(ε i ), i.e., 
where the Langmuir model can be applied with a probability function over the entire surface being summed to unity, i.e.,
Applying a condensation approximation at moderate temperature, the local surface coverage can be simplified to a step-like dirac-delta function as shown in Figure 3 , and expressed below; 
A solution of χ ( ε ) to represent the site energy allocation for a real adsorbent surface is obtained by approximating it to a continuous probability distribution function. Depending on the adsorbent surface energy characteristics during adsorption interactions, symmetrical or asymmetrical Gaussian functions are usually assumed, as illustrated in Figure 4 .
The details of EDFs, χ ( ε ) , for the classic Langmuir-Freundlich [26] , Dubinin-Astakhov [27] , Dubinin-Raduskevich [28] , and Tóth isotherm models are outlined in Table 2 , and integrating EDFs from the cut-off energy ε c to ∞, the exact correlation of these isotherm models can be obtained.
Model Name Adsorption Site Energy Distribution χ(ε) Isotherm Equation
Langmuir-
Dubinin-Astakhov Table 2 . Assorted forms of adsorption site energy distribution functions (EDF) for the Langmuir-Freundlich, DubininAstakhov (DA), Dubinin-Raduskevich (DR) and Tóth isotherm models
Universal site-Energy probability Distribution Function (EDF)
In the recent development of adsorption isotherm theory, Li [29] proposed a universal model that was able to fit all types of isotherms, as specified in Equation 7. Type I to V patterns at various temperatures could be directly captured by the equation with four regression parameters.
and,
where the alphabet ϕ, C are constants, t is surface heterogeneity factor, and E c denotes the characteristic energy of the adsorbent-adsorbate pair. These four parameters are required to calculate in the regression process. The rest of the letters have their usual means.
Using the unified adsorption isotherm framework, a universal adsorption site energy distribution function (EDF) was proposed, which relates directly to their isotherm types, and the proposed EDF fitted well with the statistical rate theory of adsorption. The EDF yielded a single peak asymmetrical distribution for Type I which was similar to that for the classical LF, DA, DR, and Tóth isotherm models. The EDF is given as below;
where the variable β* is a function of the adsorption site energy ε and it is expressed as c E RT
From the data available from literature and the proposed Eqs. 9 and 10, the assorted isotherms as categorized by the IUPAC can be successfully captured succinctly by these equations using only four coefficients of regression, and these energy distribution functions and isotherms are depicted in Table 3 . For each type of isotherm, the corresponding energy distribution functions (EDFs) have been developed.
The adsorbent-adsorbate interaction is the key in the design of adsorption cycle, which can be functionalized to adopt to warmer ambient temperatures, particularly for operation in the summer period of semi-arid or desert regions. Table 4 . Thermo-physical properties of the silica gel type 3A and Zeolite (Z01)
Design of AD batch-operated cycle
There are five main components of AD system namely: (i) evaporator, (ii) adsorption and desorption reactor beds, (iii) condenser, (iv) pumps, and (v) pretreatment facility. The detailed process diagram is shown in Figure 6 . For the batch-operated AD cycle, it involves two main processes.
Adsorption-assisted-evaporation
In which the vapors generated in AD evaporator are adsorbed on the pore surface area of adsorbent. The heat source is circulated through the tubes of evaporator and seawater is sprayed on the tube bundle. It is observed that the evaporation is initiated by heat source, but during adsorption process the high affinity of water vapor of adsorbent drops the evaporator pressure and contribute in evaporation. The AD evaporator operation temperature can be controlled by heat source temperature that is normally circulated in terms of chilled water. The AD evaporator can operate at a wide range of chilled water temperature varying from 5 ο C to 30 ο C to produce the cooling effect as well at low temperature operation. The vapor adsorption process continues until the adsorbent bed reaches a saturation state. 
Desorption-activated-condensation
In which saturated adsorbent is regenerated using the low-grade industrial waste heat or renewable energy (desorption temperature varies from 55°C to 85°C) and desorbed vapors are condensed in a water-cooled condenser and collected as a distillate water.
It can be seen that two useful effects produced by AD cycle are the cooling effect by the first process "adsorption-assisted-evaporation" and fresh water production by converting the seawater by second process "desorption-activated-condensation". Useful effects which are cooling and water production can be produced simultaneously by introducing the multi-bed technique.
In multi-bed AD system, the operation and switching technique is used. During operation, one or pair of adsorbent reactor beds undergo the adsorption process and at the same time one or pair of adsorbent reactor beds execute the desorption process. The time for adsorbent reactor beds operation, either adsorption or desorption, depends on the heat source temperature and silica gel quantity packed in a bed. Prior to changing the reactor duties, there is a short time interval called switching in which the adsorber bed is preheated whilst the desorber bed is precooled to enhance the performance of cycle. In AD cycles, the operation (adsorption and desorption) and switching processes are controlled by automated control scheme that can open and close the respective bed hot/cold water valves. During switching operation, all vapor valves are closed so that there is no adsorption or desorption taking place.
MED-AD hybrid cycle
MEDAD is a hybrid of two thermal systems namely multi-effect desalination system and adsorption cycle. The main components of this novel thermal hybrid system are (1) multi-effect distillation (MED) system, (2) adsorption desalination (AD) cycle, and (3) auxiliary equipments. In this hybridization system, the last stage of the MED is connected to adsorption beds of AD cycle for the direct vapor communication to adsorption beds. Figure 7 shows detailed flow schematic of MED plant combined with AD system. Adsorption-based desalination is investigated by many researchers [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] and reported that optimal specific daily water production (SDWP) for four bed scheme is about 4.7 kg/kg silica gel. The first adsorption desalination plant was installed in the National University of Singapore (NUS) which consists of four silica gel beds. Ng et al. investigated the processes using chilled water at assorted temperature and demonstrated that the specific water production of the system [46, 47] . They also introduced and patented a novel hybrid desalination method "MEDAD cycle" that is a combination of conventional MED and AD cycle [48, 49] . This novel desalination cycle can mitigate the limitations of conventional MED system to increase the system performance. This combination allows the MED last stage to operate below ambient temperature typically at 5 ο C as compared to traditional MED at 40 ο C. This not only reduces the corrosion chances but also increases the distillate production to almost 2 -3 fold as compared to traditional MED systems. 
MED-AD simulation
MEDAD cycle simulation have been conducted [50] [51] [52] [53] and presented in Table 5 . The simulation is based on a fully transient model and the predicted results are compared with conventional MED system. It is observed that at same input parameters such as a top-brinetemperature (TBT), water production can achieve up to two fold increase when the hybridized MEDAD is compared with the MED cycle alone.
Equation Remarks
Modeling equations for steam generator 
Energy balance for the evaporator side of the steam generator. 
Energy balance for the condenser side of the i
Energy balance for tube metal
Energy balance for evaporator side
Remarks
Nusselt film condensation correlation for the calculation of the heat transfer coefficient inside the condenser tubes 
Energy balance for the condenser side of the i th effect Table 5 . MEDAD modeling equations Figure 8 shows the transient temperature profiles of a MEDAD cycle. It can be seen that last stages of MED are operating below ambient temperature due to hybridization. It can also be noticed that MED last stages profiles are affected by cyclic AD operation. Figure 9 mapped the performance parameters of hybrid MEDAD cycle (concentration, GOR, PR, and WPR). It can be observed that the batched-mode water vapor uptake by the coupled AD cycle dominates the performance of the cycle. The performance of the MEDAD cycle with different additional effects with the conventional eight effect MED cycle as baseline cycle is studied in terms of water production rate. Figure 10 shows the quantum jump in the water production rate of the proposed MEDAD cycle. Another aspect of this hybridization is that the desorbed water vapor from the AD cycle can be recycled back into the MED system for further energy recovery.
MED-AD experimentation
A three-stage MED system is designed [54] , fabricated, and installed in NUS as shown in Figure  11 . In MED stages, vapor emanation from feed seawater is achieved by falling film-evaporation process. Evaporation energy is recovered by series of reutilization of vapor condensing energy in successive stages of those produced in preceding stages. Process of vapor production and energy recovery by condensation continues until the last stage of MED. The vapors from the last stage are then directed toward AD beds where they are adsorbed on the adsorbent surface. Adsorbent high affinity for water vapor drops the pressure and hence the saturation temper- Table 6 shows the comparison of MEDAD and MED components steady-state temperature values. Figure 13 shows the distillate production trace at heat source 38 ο C from MED stages, AD condenser and combined. The batch operated AD production can be seen clearly. At the start of desorption, the production is higher and it drops with time to zero during the switching period while MED stages production is quite stable. Small fluctuations in MED water production may be due to the fluctuations in the spray of the feed that affect the condensation rate. It can be seen that hybridization boost water production 2 -3 fold as compared to conventional MED system at same TBT. Water production profiles are similar as explained in simulated results. Figure 14 shows the comparison of water production of MED and hybrid MEDAD cycles at assorted heat source temperatures. Quantum increase in water production (two-to threefold) can be observed at all heat source temperatures. These results have good agreement with simulation results. It can also be seen that in conventional MED system last stage temperature is limited to 38 ο C due to condenser operating with cooling water from cooling tower. While in the case of hybrid MEDAD, the last stage temperature can be as low as 5 ο C because there is no condenser and last stage is connected to AD beds for vapor adsorption. This higher overall operational gap in proposed hybrid MEDAD cycle helps to insert more number of stages (up to 19 stages) as compared to conventional MED system (about 4-6 stages). More number of stages increases the vapor condensation heat recoveries and hence the water production at same top brine temperatures.
Exergy analysis for operational cost apportionment
A computation model is developed for the cogeneration plant where the properties of expanding steam, such as enthalpy (h) and entropy (s) at a given temperature and pressure, are computed for the key states in the schematic diagrams of "PP", "PP+MED," and "PP +MEDAD" cycles. The approach employed here is to calculate the total exergy changes or destruction across the inlet and exit sections of the equipment. For example, the exergy associated with the turbines is the sum of all contributions from (a) the HP-T unit at the same mass flow rate across it, (b) the LP-T unit until the extraction point, and (c) the exergy changes after the point of steam extraction, i.e., E T ,1−2 = E 1−a + E b−1' + E 1'−2 . On the basis of total exergy available across whole system, proportion utilized by power plant and desalination system is calculated.
For this comparison study, an assorted range of bled-steam is extracted at low pressure but the mass flow rates are varied to cover the expected practical operational ranges, typically from 10% to 50% of the total flow. At 20% bled-steam from the LP-T, the ratios of power-to-water for exergy and energetic analyses are found to be 95.7%:4.3% (exergy) and 72.2%:27.8% (energetic) methods, respectively. This implies that if the 20% steam were to be continuously consumed by the low pressure turbines (LP-T), its work contribution from LP_T would be insignificant, i.e., a maximum of 4.3%. However, the energetic value of bled-steam accounts for a disproportionate share of 27.8% due primarily to the high latent heat content of the low pressure steam. This ratio of energy-to-exergy shares of the total working steam is found to be 4 -7 fold higher, descending with the larger amount of bled-steam as shown in Figure 15 . The higher effectiveness of working steam incurred at the MED cycle is attributed to the better thermodynamic matching of steam's latent energy. On the basis of the above analysis for primary fuel cost and with data from the published literature [55, 56] , the life-cycle cost (LCC) of water production is compared for all capital expenditure (Capex) and operation expenditure (Opex), across all proven industrial processes, as shown in Figure 16 . Exergy factor calculated above is utilized only for thermal and electricity cost calculations. Energy based analysis has good agreement with GWI [56] data. It can be seen that by LCC, unit water production cost is highest for PP+MSF which amounts to US$ 1.201/m 3 , whilst the lowest unit cost is the PP+MEDAD method which is only at US$ 0.485/m 3 and this unit cost is even lower than the LCC of reverse osmosis (RO) plants.
Summary
Recent developments in adsorption theory, adsorption desalination (AD), and conventional MED desalination cycles have been reviewed in this chapter. We highlight the key role of AD cycles which can be hybridized with the proven cycles such as the MED cycle, exploiting the thermodynamic synergy between the thermally driven cycles that significantly improve the water production yields. Experiments were conducted in a lab-scale pilot MEDAD and confirmed the excellent synergetic effects that boosted the water production up to two-to threefold over the conventional MED. We believe that if the hybrid MEDAD cycles are well optimized and operated, it can achieve high GOR and the projected LCC of water production can be lowered to as low as US$ 0.485/m 3 . 
